Objective As the development and progression of colorectal cancer (CRC) are known to be affected by the immune system, cell subsets such as T cells, natural killer (NK) cells, and natural killer T (NKT) cells are considered interesting targets for immunotherapy and clinical biomarker research. Until now, the role of systemic immune profiles in tumor progression remains unclear. In this study, we aimed to characterize the immunophenotype of circulating T cells, NK cells, and NKT-like cells in patients with CRC, and to subsequently correlate these immunophenotypes to clinical follow-up data. Results CRC patients showed profound differences in immune cell subset distribution and their immunophenotype compared to healthy donors, as characterized by increased percentage of regulatory T cells, and reduced expression level of the natural cytotoxicity receptors NKp44 and NKp46 on both CD56 dim NK cells and NKT-like cells. Finally, we showed in a multivariate analysis that above-median percentage of CD16 + NKT-like cells was independently associated with shorter disease-free survival in CRC patients. Conclusion The altered phenotype of circulating immune cell subsets in CRC and its association with clinical outcome highlight the potential use of PBMC subsets as prognostic biomarkers in CRC, thereby contributing to better insight into the role of systemic immune profiles in tumor progression.
Introduction
Colorectal cancer (CRC) is a major contributor to cancerrelated morbidity and mortality [1] . Approximately one million new cases of CRC arise per year throughout the world, with more than half a million deaths annually [1] . For colorectal tumors that have not spread to distant sites, surgery is the primary treatment [2] . However, around 25% of the patients present with unresectable metastatic disease at the time of diagnosis, and up to 50% percent of earlystage patients develop recurrence or dissemination of the disease following surgery [3] . To reduce the risk of relapse and to prolong the survival of patients with metastatic disease, treatment strategies need to be optimized. Therefore, biomarker application is important since it provides information for therapeutic decision making. As the development and progression of CRC are known to be affected by the immune system, cell subsets such as T cells, natural killer (NK) cells, and natural killer T (NKT) cells are considered interesting targets for immunotherapy and clinical biomarker research. Importantly, the phenotype of circulating lymphocyte subsets may reflect the local immune response in the tumor microenvironment (TME), thereby providing potentially important information regarding disease progression in CRC [4] [5] [6] .
Different T-cell subsets have been described over the years, each with distinct functions that promote, or inhibit, antitumor immune responses. For instance, cytotoxic (CD8 + ) T cells recognize tumor-associated antigens presented by classical HLA class I molecules. Additionally, CD4 + T cells play an important regulatory role via secretion of cytokines and activation of cytotoxic T cells and B cells [7] . Regulatory T cells (T reg ), a subpopulation of CD4 + T cells, have an immunosuppressive function [8] . To escape immune recognition by cytotoxic T cells, tumor cells may downregulate classical HLA class I expression [9] . Studies showed that aberrant HLA class I expression commonly occurs in colorectal tumors [10] [11] [12] [13] [14] . These tumors represent potential targets for NK cells [15] , which are known to be able to recognize and kill tumor cells with downregulated HLA class I molecules [16, 17] .
NK cells can be subdivided based on their CD56 expression: CD56 bright NK cells are generally associated with immunoregulatory properties and production of proinflammatory cytokines, while CD56 dim NK cells primarily exert cytotoxic functions [18, 19] . The NK cell activity is dependent on a delicate balance between activating and inhibitory signals from cell surface receptors [20] . The activating signals are mediated by a wide array of receptors including natural killer group 2-C (NKG2C), natural killer group 2-D (NKG2D), DNAX accessory molecule-1 (DNAM-1), CD161, and natural cytotoxicity receptors (NCRs) NKp30, NKp44, and NKp46. Additionally, CD16 (FcγRIII) on NK cells mediates antibody-dependent cellmediated cytotoxicity (ADCC) [21] . Furthermore, CD8 is considered a stimulatory cell surface receptor since it enhances the cytolytic activity of NK cells [22] . NK cells also express a range of receptors that provide inhibitory signals upon stimulation. NK cell inhibitory receptors include natural killer group 2-A (NKG2A), and killer cell immunoglobulin (Ig)-like receptors CD158a and CD158b.
Apart from NK-and T cells, peripheral blood comprises other leucocyte subsets with the ability to induce antitumor effects. For instance, NKT cells constitute a unique subset of T cells that lie at the interface between innate and adaptive immunity. Unlike conventional T cells, NKT cells express a T cell receptor that recognizes glycolipids presented by the HLA-like molecule CD1d [23] . Besides, NKT cells express various markers typically associated with NK cells (activating and inhibitory cell-surface receptors) [24] . NKT cells possess cytotoxic capabilities, but are primarily considered to have an important regulatory function via the secretion of large amounts of proor anti-inflammatory cytokines upon activation, thereby resulting in amplification or dampening of the immune response [25] . Due to a lack of specific markers, it is not possible as yet to identify the entire NKT cell population using flow cytometry or immunohistochemistry [25] . In many studies, co-expression of CD3 and CD56 is used to identify NKT cells [26] [27] [28] [29] [30] [31] . Although it is likely that the CD3 + CD56 + cell population includes "true" CD1d-restricted NKT cells, it has to be taken into account that conventional T cells have also been reported to express CD56 [32, 33] . Thus, since it is unclear whether all CD3 + CD56 + cells are CD1d-restricted, this population is often referred to as "NKT-like".
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In this study, we aimed to characterize the immunophenotype of circulating T cells, NK cells, and NKT-like cells in CRC patients using multiparameter flow cytometry, and to subsequently correlate these immunophenotypes to clinical follow-up data.
Materials and methods

Study population
The study population comprised patients diagnosed with CRC who underwent surgical resection of their colorectal tumor at the Leiden University Medical Center (LUMC, the Netherlands) between 2001 and 2007. From these patients, peripheral blood samples were collected within a month prior to surgery. In the present study, patients with histologically proven primary colorectal tumors, Tumor Node Metastasis (TNM) stage 0-IV, surgical R0 resection, and a minimal amount of five million cryopreserved peripheral blood mononuclear cells (PBMCs) were included (N = 87). Patients with multiple colorectal tumors at the time of diagnosis or resection were excluded. Patient follow-up was performed until August 2017, with a median follow-up time of 12 years (range 0.1-15.8 years). Peripheral blood samples obtained from 19 healthy donors (Dept. of Hematology, LUMC) served as controls.
Isolation of peripheral blood mononuclear cells
PBMCs were isolated by Ficoll-Paque (density 1.077g/ml, provided by the apothecary LUMC) density-gradient centrifugation. All PBMC samples were cryopreserved in liquid nitrogen until time of analysis in freezing medium containing 20% heat-inactivated FCS (Thermo Fisher Scientific, Waltham, MA, USA) and 10% DMSO (Avantor, Center Valley, PA, USA). Additionally, PBMCs were isolated from the buffy coat of a healthy donor obtained from the Blood Bank at Aarhus University Hospital (Dept. Clinical Immunology, Aarhus University Hospital, Skejby, Denmark) which was used as an internal control in the flow cytometry experiments. After isolation using Histopaque (Sigma-Aldrich, St. Louis, MO, USA) density-gradient centrifugation, these PBMCs were cryopreserved at − 150 °C until time of use in RPMI-1640 medium (Lonza, Basel, Switzerland) containing 20% heat-inactivated FCS (GE Healthcare, Little Chalfont, United Kingdom), and 10% DMSO (Sigma-Aldrich). 
Flow cytometry antibody staining
Flow cytometry data analysis
Samples were analyzed immediately after staining on the LSR Fortessa (BD Biosciences) flow cytometer running FACSDiva™ software version 8.0 (BD Biosciences). The data set was analyzed using FlowJo software version 10.1 (Tree Star Inc., Ashland, OR, USA). In each experiment, PBMCs derived from the same buffy coat (described above) were included as an internal control. Instrument performance was verified daily using the Cytometer Setup & Tracking (CS&T) system (BD Biosciences), applying CS&T application settings to ensure comparable flow cytometry results over time. Compensation was carried out with CompBeads (BD Biosciences), OneComp eBeads (eBioscience, Inc., San Diego, CA), CompBeads Plus (BD Biosciences), and ArC reactive beads (Life Technologies) according to the manufacturer's protocol. The threshold for positive staining was determined using unstained-or fluorescence minus one (FMO) controls when necessary [34, 35] . FMO controls were used for CD56, CD158a, and NKG2A in flow panel 
Corrections and statistical analyses
The NKG2A antibody was changed regarding isotype and clone during the flow cytometry experiments due to low quality of a newly ordered Ab batch. The internal control buffy coat was used to correct for differences in the MFI and percentage of positive lymphocytes regarding NKG2A between the two used Ab clones. Statistical analyses were conducted using SPSS statistical software (IBM SPSS Statistics 23, Chicago, USA). The Mann-Whitney U test was used to compare the age of the CRC patients with the healthy donors. The sex of CRC patients was compared with healthy donors using a Pearson χ 2 test. Additionally, independent samples T tests and Mann-Whitney U tests, where appropriate, were used to compare patients with healthy donors and to evaluate differences in patient and tumor characteristics. Furthermore, the Spearman correlation test was used to study the relation of phenotypic markers on different immune cell subsets. Throughout the text, the median percentages or MFI are reported including standard deviations (SD). Kaplan-Meier analyses and log-rank tests were used to investigate and compare survival within patient subgroups. Our primary clinical endpoint was disease-free survival (DFS), which was defined as the time from surgery until recurrence of disease or death, whichever came first, or end of follow-up (censored). Cox regression analysis was used for univariate and multivariate analyses for DFS. We corrected for multiple testing using the Benjamini-Hochberg method, by which adjusted P values were calculated (indicated by P*) [36] . P-and P* values ≤ 0.05 were considered statistically significant.
Results
Patient characteristics
In total, flow cytometry data of 71/87 (81.6%) CRC patients could be included in the analysis. Eight samples were excluded due to low viability of the PBMCs (< 50% viable cells). Additionally, samples from two patients were obtained prior to resection of liver metastases instead of the primary colorectal tumor and, therefore, also excluded from further analysis. Furthermore, four patients were excluded from this study due to a confirmed diagnosis of Lynch syndrome. Finally, two patients were excluded due to pre-surgical chemotherapy before sample collection. Eleven patients included in the study had undergone local radiotherapy prior to the collection of the blood sample. Since local radiotherapy is unlikely to affect the immune system systemically, these patients were not excluded from this study. Table 1 summarizes the clinico-pathological characteristics of the 71 CRC patients included in the analyses, together with 19 healthy donors. When comparing the CRC patients with the healthy donors, no significant difference was observed in relation to sex (Table 1) . A trend was observed towards a higher age in the CRC patients compared to the healthy Table 2 ). We hypothesized that CRC patients would present with a general immunocompromised state of circulating immune cells, reflected by a shift in the balance between cytotoxic and regulatory cell subsets. Similar proportions of circulating T cells (P* = 0.883), NK cells (P* = 0.768), and NKT-like cells (P* = 0.904) (% of total lymphocytes) were observed in CRC patients and healthy donors (Fig. 1a , e, h, respectively). Furthermore, no differences were observed in the distribution of circulating CD8 + (P* = 0.670) and CD4 + (P* = 0.689) T cells (% of T cells) or distribution of circulating CD56 dim (P* = 0.197) and CD56 bright (P* = 0.196) NK cell populations (% of NK cells) (Fig. 1b, c, f, g, respectively) . In contrast, CRC patients presented with an increased percentage of circulating CD127 low CD25 + T reg (P* < 0.001) (% of CD3 + CD4 + T cells) (Fig. 1d ) compared to healthy donors.
Reduced expression of natural cytotoxicity receptors on circulating CD56 dim NK cells and NKT-like cells from colorectal cancer patients compared to healthy donors
We subsequently evaluated the immunophenotype of circulating NK cells and NKT-like cells in CRC patients compared to healthy donors ( Table 2 ). The percentage of NKp44 + cells within the CD56 dim NK cell subset and NKT-like subset was comparable between CRC patients and healthy donors (P* = 0.239 and P* = 0.941, respectively) (Fig. 2a, b) . In contrast, the expression level (MFI) of NKp44 was decreased in CRC patients on both CD56 dim NK cells (P* = 0.041) and NKT-like cells (P* = 0.025) compared to healthy donors (Fig. 2d, e) . Interestingly, the presence (P = 0.013) and expression (P < 0.001) of NKp44 on CD56 dim NK cells and NKT-like cells strongly correlated (Fig. 2c, f) . Hence, patients with a low-percentage positive cells or expression level of NKp44 for CD56 dim NK cells also had a low percentage positive cells or expression level of NKp44 for NKT-like cells and the other way around. Additionally, we observed a decreased percentage of NKp46 + cells within the CD56 dim NK cell subset compared to healthy donors (P* = 0.031) (Fig. 2g) , whereas in the NKT-like cell population, no statistically significant difference was found, only a trend (P* = 0.097) (Fig. 2h) . In contrast to NKp44, the percentage NKp46 + cells did not correlate (only a trend) between CD56 dim NK cells and NKT-like cells (P = 0.098) (Fig. 2i) . Furthermore, the expression level of NKp46 was decreased on both CD56 dim NK cells (P* = 0.031) and NKTlike cells (P* < 0.001) in CRC patients compared to healthy donors (Fig. 2j, k) . Expression level of NKp46 strongly correlated on CD56 dim NK cells and NKT-like cells (P = 0.004) (Fig. 2l) . In contrast to the CD56 dim NK cell and NKT-like cell populations, the percentage of positive cells and expression level of NKp44 and NKp46 were not decreased in the CD56 bright NK cell population ( Table 2 ). No differences in other phenotypic markers were observed related to NK cells or NKT-like cells between CRC patients and healthy donors (Table 2) .
No correlation between distribution of immune cell subsets and immunophenotype of circulating lymphocytes and tumor characteristics
After discovering different peripheral blood immune cell profiles in CRC patients compared to healthy donors, the relationship with disease stage was investigated. The course of tumor progression entails a series of stages that ultimately leads to the formation of metastases in distant organs. It is hypothesized that the systemic immune system is activated during tumor progression in CRC upon disruption of the basal membrane located underneath the intestinal epithelium which allows tumor cells to grow into surrounding tissue and to enter blood vessels. As such, CRC patients were subdivided according to their TNM at the time of diagnosis into patients without disruption of the basal membrane (stage 0/I, N = 13), and patients with disruption of the basal membrane (stage II/III/IV, N = 58).
No differences were observed in the distribution of immune cell subsets or their immunophenotype between CRC patients with or without disruption of the basal membrane. Furthermore, we did not observe any correlation between the immune cell subset distribution or immunophenotype of circulating lymphocytes and tumor location, lymph-node invasion or tumor differentiation grade (data not shown).
Association between the peripheral blood immune cell profile and disease-free survival of colorectal cancer patients
We subsequently wondered whether peripheral blood immune cell profiles were associated with clinical outcome in CRC patients. Therefore, survival plots as well as univariate and multivariate analyses were generated for stage II and III CRC patients at risk of developing metastases. The median percentage of positive cells or expression level of the immunophenotypic marker was used as cutoff. Kaplan-Meier plots and log-rank tests revealed that CRC patients with above-median (> 6.9%, N = 12) percentage of circulating T reg showed a trend towards shorter DFS compared to CRC patients with below-median (N = 13) percentage (P = 0.062) (Fig. 3a) , with a hazard ratio (HR) of 2.551 (95% confidence interval (CI) 0.921-7.069, P = 0.072). Furthermore, survival analyses revealed that above median (MFI > 2327, N = 24) expression of NKp30 on CD56 bright NK cells (P = 0.042) and above-median percentage ( > 20.3%, N = 24) of CD16 + NKT-like cells (P < 0.001) were associated with short DFS in CRC patients, with a HR of 2.143 (95% CI 1.009-4.551, P = 0.047) and 4.697 (95% CI 2.046-10.783, P < 0.001), respectively ( Fig. 3b;3c ). In contrast, CRC patients with above-median (> 5.1%, N = 24) percentage of inhibitory receptor CD158a + NKT-like cells showed a trend towards shorter DFS compared to patients with below-median (N = 25) percentage (P = 0.068) (Fig. 3d ) with a HR of 1.969 (95% CI 0.937-4.136, P = 0.074). A multivariate analysis was performed for DFS in CRC patients which revealed that above-median percentage of activating receptor CD16 + NKT-like cells (HR 4.192, 95% CI 1.578-11.137, P = 0.004) remained significantly associated with shorter DFS in CRC patients when corrected for age, sex, tumor stage and lymph-node invasion (Table 3) . Thus, the presence of CD16 on circulating NKT-like cells may be a novel prognostic biomarker candidate for clinical outcome of CRC patients. No other correlations between immunophenotype and DFS were observed (Supplementary Table 2 ).
Discussion
Recently, a new scoring system based on the immune profile in the tumor area, the 'immunoscore', has shown to be a strong prognostic biomarker in CRC [37] [38] [39] [40] [41] . High density The distribution of circulating immune cell subsets and their immunophenotype was compared between CRC patients (N = 71) and healthy donors (N = 19). P values were corrected for multiple testing using the Benjamini-Hochberg method, by which adjusted P values were calculated (indicated by P*). P* values ≤ 0.05 were considered statistically significant and are indicated in bold * T cells were investigated in 10 healthy donors and 47 CRC patients T Independent samples T test U Mann-Whitney U test [37, [39] [40] [41] . We hypothesized that the distribution and phenotype of circulating immune cell subsets may reflect the local immune response in the TME, thereby providing potentially important information regarding disease progression and therapeutic decision making in CRC. To elucidate the role of the peripheral blood immune system in tumor progression and metastasis in CRC, this study aimed to characterize the distribution and immunophenotype of circulating T cells, NK cells, and NKT-like cells in CRC patients. These peripheral blood immune cell profiles were subsequently correlated to clinical follow-up data.
We first demonstrated that CRC patients present with alterations in peripheral blood immune subset distribution. We observed a significant increase in the percentage of circulating T reg in CRC patients compared to healthy donors. This observation is in line with other studies [42, 43, 6] , and suggests tumor escape in CRC by increasing T reg which are known to suppress the immune system and, thereby, may support tumor progression using a plethora of different mechanisms [44, 45] .
Additionally, we demonstrated that CRC patients present with an altered immunophenotype of circulating CD56 dim NK cells compared to healthy donors, characterized by reduced expression of the NCRs NKp44 and NKp46. These findings are consistent with previous studies that showed a reduced number of activating receptor (e.g., NKG2D, NKp30, NKp46, and DNAM-1)-positive NK cells in peripheral blood of patients with CRC [4, 5] . Additionally, NK cells with downregulated activating receptors showed impaired IFN-γ secretion and degranulation upon activation, thereby implying impaired function [4] . These studies did, however, not discriminate between the two major subpopulations of NK cells, namely CD56 dim and CD56 bright NK cells, which are known to differ in phenotype as well as function [18, 19] . Whereas CD56 dim NK cells have the potential to kill tumor cells, CD56 bright NK cells primarily produce large amounts of cytokines [18, 19] . We showed that circulating CD56 dim NK cells were phenotypically altered in CRC patients, whereas CD56 bright NK cells were not, suggesting that this NK cell subset, involved in cytokine production, is phenotypically, and thereby probably also functionally, not altered in CRC patients. This implicates different roles of CD56 dim and CD56 bright NK cells in cancer progression, thereby emphasizing the need to discriminate between these NK cell subsets in future studies. Furthermore, we also showed downregulation of the NCRs NKp44 and NKp46 on circulating NKT-like cells in CRC patients compared to healthy donors. In contrast to NK cells, the immunophenotype of circulating NKT cells (in both healthy donors and cancer patients) is not well defined due to the lack of specific markers to identify this immune cell subset. To our knowledge, only one study reported on the immunophenotype + NKTlike cells in CRC patients with metastatic disease compared to healthy donors [46] . Our results suggest that presence of a tumor affects expression levels of NKp44 and NKp46 receptors on both CD56 dim NK cells and NKT-like cells. Over the years, many studies have focused on the effects of a tumor on NK cell function. For instance, NK cells in the TME adapt to survive hypoxic stress by upregulating hypoxia-inducible factor (HIF)-1α which is associated with impaired upregulation of NKp44 and NKp46 in response to activating cytokines such as IL-2, IL-12, IL-15, and IL-21 [47] . Furthermore, immune cells and fibroblasts in the TME may produce immunosuppressive cytokines and signal molecules that downregulate [48] [49] [50] or prevent IL-2-induced upregulation [51, 52] of NCRs on NK cells. Furthermore, tumor cells may induce downregulation of NCRs on NK cells as a response to hypoxic stress via prostaglandin E2 production or lactate release [53, 54] . Finally, tumor cells may alter the function of NK cells via overexpression of [55, 56] . Whether PCNA also actively downregulates the NKp44 receptor on NK cells is not clear and requires additional research. In conclusion, we observed reduced expression of the NCRs NKp44 and NKp46 on circulating CD56 dim NK cells and NKT-like cells in CRC patients, which may be caused by the presence of the tumor via various mechanisms, resulting in functional impairment in these subsets, thereby promoting tumor escape.
Furthermore, we addressed the question whether the peripheral blood immune cell profile in CRC patients was related to tumor stage. Although the peripheral blood immune cell profile was clearly altered in CRC patients as compared to healthy controls, no major shift in the distribution of PBMC subsets was observed in relation with tumor stage of CRC patients. Hence, differences in the peripheral blood immune cell profile were mainly related to the fact that these patients had a colorectal tumor rather than to tumor stage. We did, however, observe a relationship between the immune subset distribution and phenotype of circulating PBMCs and clinical outcome. This suggests that circulating immune cell profiles have prognostic value (i.e., biomarker candidates) for the identification of patients with low tumor grades with a high risk of developing metastatic disease. In general, it is hypothesized that decreased percentages of cytotoxic immune cell subsets or expression levels of activating receptors and increased percentages of regulatory immune cell subsets or expression levels of inhibitory receptors represent an immunocompromised state of the immune system and would therefore be correlated with shorter DFS in CRC patients [57, 58, 4] . In line with this hypothesis, our results revealed that CRC patients with high numbers of circulating T reg showed a trend towards shorter DFS compared to patients with low numbers of circulating T reg , an association also observed by others. For instance, an association was reported between T reg -mediated suppression of tumor-specific CD4 + T cells prior to surgery and tumor recurrence in CRC patients at 12 months [59] , whereas FOL-FIRI (levo-leucovorin, 5-fluorouracil, irinotexan)-bevacizumab therapy of metastatic CRC patients was associated with better clinical outcome, but also with reduced numbers of circulating T reg [60, 61] . Additionally, in line with our hypothesis, patients with a high percentage of inhibitory receptor CD158a + circulating NKT-like cells showed a trend towards shorter DFS. Since the CD158a receptor recognizes HLA class I molecules, it would be interesting to study HLA class I tumor cell expression in primary colorectal tumors to investigate whether there is an association with the presence of circulating CD158a + NKT-like immune cells. In contrast with the hypothesis, we observed a statistically significant + NKT-like cells, was even independently associated with shorter DFS in CRC patients. From these observations, it might be deduced that the NKp30 and CD16 receptors are activated during the course of tumor cell dissemination. The exact role of the NKp30 and CD16 receptors in the process of dissemination in CRC patients has yet to be elucidated. Possibly, the status of these receptors in patients with poor clinical outcome might affect the tumor immune response, thus acting as an active selection mechanism by which tumor cells escape immune-mediated destruction. In that case, it would, for instance, be likely that ligands for these receptors on tumor cells are downregulated.
In conclusion, we demonstrated profound differences in subset distribution and immunophenotype of PBMCs in CRC patients compared to healthy donors, characterized by an increased percentage of T reg , and reduced expression of NCRs NKp44 and NKp46 on both CD56 dim NK cells and NKT-like cells. Additionally, a multivariate analysis revealed that abovemedian percentage of CD16 + NKT-like cells was independently associated with shorter DFS in CRC patients. These findings highlight the potential use of circulating lymphocyte subsets as prognostic biomarkers in CRC and contribute to better insight into the role of systemic immune profiles in tumor progression.
